Abstract: This study aimed to evaluate the residual radioactivity in mice induced by neutron irradiation with an accelerator-based boron neutron capture therapy (BNCT) system using a solid Li target. The radionuclides and their activities were evaluated using a high-purity germanium (HP-Ge) detector. The saturated radioactivity of the irradiated mouse was estimated to assess the radiation protection needs for using the accelerator-based BNCT system. 
Introduction
The clinical effectiveness of boron neutron capture therapy (BNCT) has been reported in many studies, 1)-10) and its effectiveness has been also reported from in vivo and in vitro experiments.
11)-17)
In BNCT, 10 B-labeled compounds are delivered to the tumor cells, and these cells are attacked by high linear energy transfer (LET) particles produced by the 10 B(n, ,) 7 Li reaction caused by neutron irradiation. Therefore, the relative biological effectiveness of BNCT is greater than that of conventional radiotherapy with photons. For example, BNCT is expected to kill cells that are resistant to conventional radiotherapy. 13 ), 15) Boronophenylalanine (BPA) was demonstrated to be useful as a boron carrier compound because it is preferentially uptaken by melanoma by Mishima et al., 8) and clinical studies were carried out for melanoma and other cancers using the nuclear reactors including that at Kyoto University.
1)-4),10) However, BNCT has not been applied routinely in clinical practice because available BNCT facilities have been limited to the sites of research nuclear reactors, which are extremely scarce. 1)-3),18), 19) As a result of recent research and development projects, it has become possible for accelerator-based BNCT systems to be installed in a hospital.
20)-23)
For example, the National Cancer Center Hospital (NCCH), Tokyo, Japan, is installing an acceleratorbased BNCT system and is aiming to perform clinical trials of accelerator-based BNCT to evaluate its significance in clinical oncology. Hence, cell-based and in vivo experiments using small animal models such as mice should be sufficiently performed with accelerator-based BNCT systems, before patients can be treated safely and effectively. Thus, in vivo experiments using animals are required as a prerequisite for the clinical application of BNCT. After BNCT treatment in a nuclear reactor, it was reported that radioactivations were observed in the patient's blood and organs and in in vivo experiments on small animals.
12),24)-26) According to these reports, the presence of 24 Na was observed in both humans and small animals. An accelerator-based BNCT system focuses on increasing the epithermal neutron flux, which can penetrate inside the body and is desirable for BNCT of internal human cancers. 23 ),27),28) Compared with thermal neutrons, which are the dominant component of the neutron flux from nuclear reactors, the neutron capture cross-section of epithermal neutrons is generally smaller. 29) However, there are no reports on induced radionuclides in small animals including mice after neutron beam irradiation using an accelerator-based BNCT system. Thus, it was necessary that the induced radionuclides after neutron irradiation using the accelerator-based BNCT system were evaluated in order to perform in vivo experiments safely. This study aimed to identify induced radionuclides and quantify them in mice after neutron irradiation using an acceleratorbased BNCT system with a solid Li target.
Materials and methods
Neutron irradiation. Neutron irradiation was performed in an accelerator-based BNCT system (Cancer Intelligence Care Systems, Inc.) at the NCCH. The maximum proton current in the system was 20.0 mA. Protons with a mean energy of 2.5 MeV were bombarded onto a solid-state Li target. Thus, the maximum energy of the generated neutrons was approximately 800 keV. 30) After the generated neutrons passed beam-shaping assemblies consisting of MgF 2 (Nippon Light Metal Co., Ltd.), 31) the neutron energies of the maximum neutron flux were moderated to about 10 keV. Depth-neutron fluences along a central axis in an acrylic phantom made of PMMA were measured using the activation detector method with a gold wire 0.5 mm in diameter and 10.0 mm in length. A set of gold wire and gold wire covered with cadmium (0.5 mm thickness, custom-made) was used. Five mice were irradiated with neutrons. The irradiation times for the mice were 20, 40, 40, 60, and 80 min, respectively. The geometry of the neutron irradiation on the mouse is shown in Fig. 1 .
Mice. We used male mice aged 5-8 weeks of an inbred strain C57BL/6J (Clea Japan, Inc., Tokyo, Japan). The mice were maintained in specificpathogen-free conditions at the National Cancer Center Research Institute. The animal studies were performed in accordance with the Guideline for Animal Experiments at the National Cancer Center, which meets the ethical standards required by the law and the guidelines on experimental animals in Japan. The body weight of each mouse and experimental descriptions are summarized in Table 1 . Three types of measurements were performed. The first measurement identified the kind of induced radionuclide and quantified it using four mice. The average body weight of the five mice was 21.0 ' 0.4 g. The second measurement confirmed the half-life of the induced radionuclide. The third measurement was performed to confirm the dose rate. The mice were sacrificed by cervical dislocation just before neutron irradiation and were placed in a plastic bag (ASIAKIZAI Co., Ltd.) made of polypropylene and polyethylene. The average thickness of the sacrificed mice in the measurement cup was 2.0 cm. Gold wire was placed on the mouse to measure neutron fluence.
Radioactivity measurements. Radioactivity was measured using an HP-Ge detector (ORTEC, GEM20P4-70, Oak Ridge, U.S.A.) coupled with a multi-channel analyzer (MCA7600, SEIKO EG&G, Tokyo, Japan). Gamma-studio (SEIKO EG&G, Tokyo, Japan) was used as the software for gamma-ray spectrum analysis. In order to determine the activity of the radionuclide, it was necessary to obtain the detection efficiencies of the HP-Ge detector. We calculated the detection efficiency via Monte Carlo simulations using a GEANT4 (ver. 10.1) system. 32)-35) The HP-Ge detector had been modeled in the simulation using a standard gamma source with various energies (81-1836 keV, calibrated by the Japan Radioisotope Association, Tokyo, Japan) in a previous study. 35) A low-energy electromagnetic physics model (Livermore model) was applied to the simulations. The most dominant parameter for the detection efficiency of the HP-Ge detector was relative position between the HP-Ge detector and the mouse. Additionally, the elemental composition of the mouse was not clear, and the measured density of the mouse (approximately 0.7 g/cc) was close to that of water. Therefore, the elemental composition of the mouse was approximated to be 100% water. A schematic diagram of the measurement geometries, as constructed in the simulation, is shown in Fig. 2 .
(a) Neutron profile and fluence measurement. The activities of 198 Au in gold wire and gold wire covered with cadmium were determined, and the thermal neutron flux was calculated using a cadmium ratio that was calculated using the ratio of the activation of these two wires (activation of gold wire/activation of gold wire covered with the cadmium).
18)
(b) Determination of induced radionuclides. The radionuclides were determined based on the energies of the emitted gamma rays and their half-life. Two methods were used to determine the radionuclides and their activities. (1): In order to determine the half-life of the induced radionuclide, short timemeasurements were repeated, and the change in peak counts of gamma rays was monitored. The measure- ment time in each of the iterative measurements was 314.0 s. This is listed as "Measurement b" in Table 1 . (2) In order to detect the minor nuclides, a longduration measurement of over 12.0 h was performed. When the radionuclide emitted more than one gamma ray for a given decay, their activities were calculated using the photopeak of each gamma ray for comparison. The gamma ray with the highest peak count was selected in each nuclide to reduce the counting error. This is listed as "Measurement a" in Table 1 .
(c) Activity determination. There were three steps to evaluate the radioactivity. In the first step, the activity was evaluated at the beginning of the measurement using the HP-Ge detector. The activity (Bq m ) at the beginning of the measurement was expressed as Eq. [1] :
where Count is the photo peak count, 6 is the decay constant of each radionuclide, C is the detection efficiency of the gamma ray from each radionuclide, . is the gamma ray emission probability per decay, and T m is the measurement time.
In the second step, the radioactivity (Bq 0 ) at the end of the irradiation was expressed using Eq. [2] :
where T w is the time between the end of the neutron irradiation and the beginning of the measurement with the HP-Ge detector. In the accelerator-based BNCT system, the induced activities were evaluated in units of Bq/g/ mC to correct for the variation in beam intensity in each irradiation and the body weight of the mouse. The proton current during the irradiation was evaluated using an ammeter in a linear accelerator (LINAC) system (NPCT-CF6, Bergoz Instrumentation, Saint-Genis-Pouilly, France). When the irradiation time was divided into n, the activity (Bq/g/ mC) was expressed as Eq. [3] :
½Bq=g=mC ; ½3 where m is the weight of each mouse, A is the proton current, and T c is the one of the irradiation times, which have been divided into n (this study is 5 ms). The activity of the radionuclide (Bq/g/mC) was analyzed using in-house software (Python 2.7), with which Eqs. [1] - [3] were applied.
On the other hand, when we assumed that the proton intensity was constant during the neutron irradiation, the induced radioactivity in arbitrary irradiation time was also expressed as Eq. [3B]:
where T f is the neutron irradiation time.
When the radioactivity was calculated using Eqs. [1] - [3] and [3B], the saturated radioactivity was calculated as follows:
where Activity was calculated from Eqs.
[1]- [3] , and ActivityB is calculated from Eq.
[3B]. Through the application of Eq. [4] , the saturated activity could be easily evaluated using proton current when the accelerator-based BNCT system at NCCH was used. The evaluated radioactivity of 24 Na was compared with the results of the repeated measurement, which was calculated using Eq. [4B].
Dose measurement. The dose rate in a mouse that was irradiated for 80 min was measured using a NaI(Tl) scintillation survey meter (TCS-172B, Hitachi-Aloka Medical), which was calibrated using a gamma-ray with an energy of 662 keV ( 137 Cs) to evaluate the radiation safety of the irradiated mice. The dose rate measurement at a distance of 20 cm from the surface of the measurement cup was performed for 11.9 min after the end of neutron irradiation.
Results

Radioactivity measurements.
(a) Neutron profile and fluence measurement. Figure 3 shows the thermal neutron fluence and the cadmium ratio along the depth direction in the PMMA phantom. From this result, the maximum thermal neutron fluence might be observed at 2.0-2.5 cm from the surface of the mouse body. However, the densities of the PMMA phantom and water were 1.18 and 1.00 g/cc, respectively. The chemical formula of PMMA was (C 5 H 8 O 2 )n, and that of water is H 2 O. The most affected element for moderation is hydrogen. The weight fractions (%) of hydrogen in PMMA and water were 8.05 and 11.2, respectively. Therefore, the thermal neutron flux peak of the PMMA phantom would be a bit deeper than that of the water phantom. The cadmium ratio increased with depth.
(b) Determination of induced radionuclides.
(1) Protti and colleagues reported that the highest activity was 24 Na in terms of long-life nuclides for the thermal neutron irradiation of mice in the research reactor of a thermal column.
12) The repeated measurements in mice focused on 24 Na. Figure 4 shows the relationship between the elapsed time after 40-min neutron exposure and the measurement counts in each of the repeated measurements. According to the fitting result in Fig. 4 , the half-life of the radionuclide, from which a gamma ray of 1369 keV was emitted, was 15.2 h. The literature value of the half-life and emitted gamma-ray energy of 24 Na is 15.0 h and 1369 keV, respectively. 24), 36) Thus, it was recognized that this measured gamma ray was emitted from 24 Na, and its activity was (4.3 ' 0.1) # 10 1 Bq/g at the end of irradiation. Because a 2754 keV gamma ray was also emitted from 24 Na, the activity of 24 Na was also calculated using the photo peak of the 2754 keV gamma ray, which was (4.3 ' 0.2) # 10 1 Bq/g at the end of irradiation. The two measured activities of 24 Na agreed well with each other. The average current of a proton during irradiation was 10.0 mA. Then, the thermal neutron fluence to the mouse was (2. Br was not detected only in the mouse irradiated for 40 min. Observed nuclides and their neutron capture reaction cross-sections and nuclear properties are listed in Table 2. 37) The measured activities in units of Bq/g/ mC are summarized in Table 3 . The measured activity of each radionuclide for the four mice was similar. The saturated activities are summarized in Table 4 . Because the maximum current of a proton was 20.0 mA in the accelerator-based BNCT system at NCCH, the maximum saturated activities of 24 Na, 38 Cl, 80m Br, In order to compare Eqs. [4] and [4B], the saturated radioactivity was compared. According to Eq. [4] and the measurement result, the saturated activity in 24 Na with a 10.0 mA proton current was calculated as (1.4 ' 0.1) # 10 3 Bq/g. According to Eq. [4B], the saturated activity of 24 Na from repeated measurements (" measurement (1)"), for which the average proton current was 10.0 mA, was (1.4 ' 0.1) # 10 3 Bq/g. These two saturated radioactivities agreed with each other.
Dose measurement.
The dose rate at a distance of 20.0 cm from the surface of the measurement bag to the survey meter was 4 # 10 !2 µSv/h. The dose rate was compared with an obtained dose rate, which was calculated using the measured radioactivities with the HP-Ge detector and the coefficients of a 1 cm dose equivalent rate in each of the induced radionuclides.
38) The coefficient of 1 cm dose equivalent rate in each of the measured radionuclides and the obtained dose rate (which was calculated using the measured activities) are summarized in Table 5 . The calculated dose rate at a distance of 20.0 cm from the surface of the measurement bag to the survey meter was (3.5 ' 0.1) # 10 !2 µSv/h. The calculated dose rate was consistent with the measured dose rate.
Discussion
Saturated activities in each induced radionuclide were measured in units of Bq/g/mA in this article. Thus, an estimation of the induced radioactivities and doses from these radionuclides could be calculated with any proton current and arbitrary irradiation time in advance. The activity (Bq) was calculated as follows: 
The saturated radioactivity is calculated from Eq. [4] , where m is the sample mass, A is the expected proton current, 6 is the decay constant in each radionuclide, and t is the irradiation time.
According to the results of this study, if a mouse whose body weight was 21.0 g was irradiated for 60 min with the maximum proton current at NCCH, the induced radioactivities of 24 Na, 38 Cl, , 4.7 # 10 !3 , 7.9 # 10 !3 , and 3.2 # 10 !4 µSv/h, respectively. Figure 5 shows the relationship between the elapsed time after neutron irradiation and (a) induced radioactivity, (b) dose rate at a distance of 20.0 cm from the mouse, and (c) ratio of the radioactivity and the BSS value. 39) The total dose at 1, 2, 3, 12, 24, 72, and 168 h (1 week) after neutron irradiation was reduced to 87, 77, 69, 29, 12, 1.2, and 0.0%, respectively. The main component of the dose rate was 24 Na, although the highest activity of an individual radionuclide was 80m Br. Additionally, the most significant contributor to the ratio of the induced radioactivity and the activity of 38 Cl was a large contribution in the activity ratio to the BSS value at the end of irradiation. The activity of 24 Na became the highest contributing nuclide after 51.6 min from neutron irradiation. Therefore, in terms of radiation protection, 24 Na might be most the important radionuclide induced by the accelerator-based BNCT system. The dose rate from 24 Na may not be high enough to induce toxicity associated with 24 Na including secondary carcinogenesis immediately. However, 24 Na exists in the blood after BNCT, and Na circulates inside the body and is eliminated over a certain period. Therefore, the toxicity associated with 24 Na could be dependent not only on physical half-life of 24 Na, but also on the biological half-life of 24 Na. The biological half-life of 24 Na after BNCT is not clear. Therefore, we think that further study is needed to evaluate the long-term biological and clinical effects of 24 Na on patients after BNCT. Protti and colleagues reported no presence of 82 Br in neutron-irradiated mice. However, we could detect its presence in four mice.
12) 82
Br is produced by the neutron capture reaction of Br has resonances between 20 eV and 20 keV. The integral resonance of the capture cross-section and the Maxwellian average of the capture cross-section at 300 K were 46.62 and 2.358 barn, respectively. 29) Therefore, differences in the neutron spectrum between this study and the report by Protti et Br. We could detect its presence in three mice, although it could not be detected in one mouse. The emitted gamma rays from Br has resonances were between 10 eV and 10 keV. The integral resonance of the capture cross-section and the Maxwellian average of the capture cross-section at 300 K were 129.1 and 11.01 barn, respectively. 29) Thus, 80m Br might be hard to detect in the thermal column of the reactor.
The saturated radioactivity of 24 Na was evaluated using two different methods, which considered whether there was a variation in the beam intensity or not. The saturated activities obtained using Eqs. [4] and [4B] matched well. Therefore, the induced activity might not have to consider the variation in proton current in the accelerator-based BNCT system if stable proton irradiation can be expected.
This study is the first report that has identified and quantified radionuclides after neutron irradiation with an accelerator-based BNCT system, although the report about on this topic in a research reactor has been published. 12) Moreover, evaluation of induced radiation in organs, urine, blood, etc., might provide further important information on radiation protection just after BNCT in hospital. Therefore, further ongoing studies are also important. Protti and colleagues reported that the mean radioactivity of 24 Na after 10 min of neutron irradiation was 253.8 Bq/g when the thermal neutron flux was 1.2 # 10 10 n/cm 2 /s. 12) Thus, the saturated radioactivity was 310.2 # 10 2 Bq/g. In this study, the saturated radioactivity of 24 Na was 1.4 # 10 3 Bq/g when the thermal neutron flux was 3.4 # 10 8 n/cm 2 /s. When the ratio of the saturated radioactivity divided by the thermal neutron flux was compared in each study, the ratio in this study was 1.6 times higher than that in the report by Protti and colleagues. The discrepancy in the ratios might be associated with the size of the irradiation field. The mouse in the Protti study was shielded by a neutron attenuator, which included 95% enriched 6 Li carbonate powder, but no attenuator was used in the present study. Therefore, the large field size in this study might be part of the reason that the ratio in this study was higher than that in the report by Protti and colleagues.
Additionally, the discrepancy might also be associated with differences in sample thickness and the neutron distribution within the sample. The result in this study corresponded with the report by Protti and colleagues when these differences were taken into consideration. A radionuclide of Br was not detected in the thermal column of the research reactor in the previous study, although it was detected in this accelerator-based BNCT system. 12) However, according to the data shown in Table 5 , the highest contribution to the dose rate after neutron exposure in the accelerator-based BNCT system was 24 Na. This result agreed with the thermal column of the research reactor. Therefore, in terms of radiation dose to experimenters from the induced radionuclide within the mouse body after neutron exposure, the accelerator-based BNCT system and the thermal column of the research reactor might be similar, although the induced radionuclides were not the same.
The physical dose from boron is calculated from the boron concentration and thermal neutron fluence in BNCT.
1),14) Saris et al. reported that the fluence of irradiated thermal neutrons was 1.2 # 10 12 n/cm 2 to evaluate the survival rate of mice with malignant gliomas.
11) Therefore, when the reported thermal neutron fluence is applied to the accelerator-based BNCT system at NCCH, the activity of 24 Na was about 1.4 # 10 3 Bq (it was assumed that the neutron flux was 3.4 # 10 8 n/cm 2 /s. Therefore, the irradiation time was 1 h).
Conclusions
The induced radioactivity and the dose from that induced radioactivity can be evaluated using the proton current in the accelerator-based BNCT system, although the neutron production rate depends on each BNCT system. The induced radioactivity can be represented using Bq/g/mC, and the saturated radioactivity can be represented using Bq/g/mA. Therefore, the induced radioactivity can be predicted by the mass of the samples, required neutron fluence or required irradiation time, and by the proton current in the accelerator-based BNCT system after determining the relationship between the induced radioactivity and the integrated charge of the protons. The induced radionuclides within the mice were 0.4) # 10 2 , and 2.8 ' 0.1 Bq/g/mA, respectively. In addition, if a required amount of neutrons is irradiated onto mice in order to evaluate survival rates or anti-tumor effects, the radioactivity of 24 Na should be less than 10 4 Bq.
